The direct measurement of self-broadened linewidths using the time decay of pure-rotational hybrid femtosecond/picosecond coherent anti-Stokes Raman scattering (fs/ps RCARS) signals is demonstrated in gas-phase N 2 and O 2 from 1-20 atm. Using fs pump and Stokes pulses and a spectrally narrowed ps probe pulse, collisional dephasing rates with time constants as short as 2.5 ps are captured with high accuracy for individual rotational transitions. S-branch linewidths of N 2 and O 2 from ∼0.06 to 2.2 cm −1 and the line separation of O 2 triplet states are obtained from the measured dephasing rates and compared with high-resolution, frequency-domain measurements and S-branch approximations using the modified exponential gap model. The accuracy of the current measurements suggests that the fs/ps RCARS approach is well suited for tracking the collisional dynamics of gas-phase mixtures over a wide range of pressures. The use of femtosecond (fs) and picosecond (ps) laser sources for gas-phase coherent anti-Stokes Raman scattering (CARS) thermometry has grown significantly in recent years due to the high peak powers of these laser sources and interest in resolving the time dynamics of the molecular response. 1 In fs CARS, the temporally short and spectrally broad (transform-limited) pump and Stokes pulses allow highly efficient, in-phase, and impulsive excitation of the entire rovibrational or pure-rotational manifold. [1] [2] [3] In this case, the molecular response is resolved in time using the spectrally integrated signal, but the dephasing rate of individual (J-level) transitions cannot be measured directly. 2, 3 In ps CARS, the ability to measure short time decays is limited by relatively long pump, Stokes, and probe pulse widths (typically ∼100 ps) and by the need to avoid nonresonant background by temporally separating the probe pulse from the pump and Stokes pulses. [4] [5] [6] For measurements of collisional dephasing rates, especially at high pressure, the ideal approach is to utilize broad (fs) pump and Stokes pulses and a spectrally narrowed (ps) probe pulse that can simultaneously isolate each molecular transition while still resolving short ∼ps decay times.
Recently, the authors demonstrated a hybrid fs/ps CARS technique that uses 100-fs pump and Stokes pulses to impulsively excite vibrational or pure rotational transitions of a molecule and a spectrally narrowed, 1-10 ps probe pulse for frequency-domain thermometry. 7, 8 A similar single-beam approach using a pulse-shaped 7-fs pulse to produce the pump, a) Author to whom correspondence should be addressed. Electronic mail:
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Stokes, and probe pulses via phase and polarization discrimination has been demonstrated, although the spectral resolution was limited to ∼5 cm −1 by the spatial light modulator. 9 The hybrid fs/ps CARS approach offers the ability to temporally discriminate against nonresonant background, similar to either fs or ps CARS, but has the unique capability to resolve gas-phase rotational spectra within several hundred fs after Raman excitation. 10 These features are ideal for studying the time dynamics of individual rotational transitions at elevated pressure. Above 1 atm, the linewidths of N 2 and O 2 can be considered purely pressure broadened, and Doppler contributions to the linewidth can be neglected. Hence, detection of collisional decay rates for rotational transitions using fs/ps CARS allows for direct measurement of spectral linewidths. 7 In this work, a time-and frequency-resolved fs/ps rotational CARS (RCARS) technique is used to accurately measure and report self-broadened S-branch linewidths of N 2 and O 2 from 1-20 atm. Few direct measurements of selfbroadened S-branch linewidths are reported in the literature, and many ps and ns rotational CARS models rely on S-branch approximations from Q-branch data which can lead to errors at high pressure. 11, 12 These measurements are critical for the determination of temperature and relative species concentrations in gas-phase media, especially at high pressure, because rotational-level and species-dependent collisional dephasing rates can alter the Raman spectra and lead to significant measurement errors. 4, 6 The hybrid fs/ps RCARS system has been described previously 7, 8, 10 and is summarized briefly in this communication. The pump and Stokes pulses were derived from the 100-fs output of a regeneratively amplified Ti:sapphire laser centered at ∼790 nm. The energy of each pulse was 40 μJ at atmospheric pressure and was decreased at elevated pressure to avoid stimulated Raman pumping and interference from sustained molecular alignment. A 2-cm −1 full width at half maximum (FWHM), 8.1-ps probe pulse was formed in a 4-f pulse shaper by spectrally filtering the beam using a square slit. This bandwidth was sufficient to isolate individual transitions while minimizing the probe delay for nonresonant suppression. The slit was slightly rotated to produce a nearly Gaussian time-domain profile. 7 The three beams were focused in a BOXCARS phase-matching configuration using a 300-mm lens. The CARS beam was spatially filtered and then detected using a 0.303-m spectrometer with a 1200 line/mm grating and an electron-multiplied chargecoupled device camera. The gases were pressurized in a cylindrical stainless steel vessel equipped with a 1/16-inch diameter K-type thermocouple and digital pressure gauge (0-500 ±1.25 psi).
A theoretical description of the hybrid fs/ps RCARS process is given in Refs. 7, 8, and 13. Of particular interest here is the treatment of the molecular response function. For pure rotational transitions ( v = 0), a phenomenological function is given as the summation of all active O-branch ( J = −2) and S-branch transitions ( J = +2) from state m to n
where I n,m is the intensity of each rotational Raman transition as a function of temperature 7 and ω n,m (s −1 ) is the frequency of each transition. The linewidth, n,m (s −1 ), is related to the S-branch spectral linewidth (m −1 , FWHM) and decay constant, τ CARS,J+2,J (s)
where c is the speed of light (m/s). 5 The linewidth represents a single-exponential decay of the molecular response in time primarily due to inelastic molecular collisions. 2, 14 The modified exponential gap (MEG) model is frequently employed to calculate the transition dependence (initial state m) of the collisional linewidth assuming a linear dependence on pressure.
14 In this work, comparisons are made with the MEG model using parameters for self-broadened N 2 and O 2 from Seeger et al. 11 and the rotational approximation of Martinsson et al. 15 For simple linear molecules such as N 2 , the rotational levels are well known and the rotational transitions are indicated by the total angular momentum, J, of the initial state. For O 2 , the ground state exhibits a nuclear spin of zero and an electronic spin, S, of one which leads to a splitting of the rotational states into triplets. 16, 17 In this case, the rotational transitions are given as a function of the rotational quantum number, N, of the initial state while the splitting occurs due to the N-S coupling with the total angular momentum given by J = (N − 1, N, N + 1) . 16 Rotationally resolved RCARS signals of N 2 (298 K) and O 2 (295 K) are shown as a function of probe delay in Fig. 1 for pressures of 1, 10, and 20 atm. Three independent scans for each pressure were performed over a one week period to verify the repeatability. Only the J = 4 and 14 transitions for N 2 and N = 5 and 15 transitions for O 2 are shown for simplicity. The RCARS signals are compared to the normalized and spectrally integrated nonresonant background from argon to show the relative rates of decay. The time constant of each rotational transition was measured by fitting a single exponential function to the decay of the RCARS signal spectrally integrated over each individual transition, and the spectral linewidth was computed using Eq. (2). For most conditions, the fitting process was initiated after a probe delay of 10.5 ps when the nonresonant background dropped by 10 2 , as shown in Fig. 1 . At a fixed probe delay, however, the relative influence of the nonresonant background increased at higher pressure because the resonant signal was sensitive to collisions. To offset this effect, the fitting process for rotational transitions with the lowest signal levels was initiated at longer delays (≥12 ps) to allow the nonresonant background to decay even further. This ensured that the signal-to-nonresonant ratio in the spectral band of each transition, estimated from the nonresonant susceptibilities of Ar, N 2 , and O 2 , was always 10 2 or higher. The measured self-broadened S-branch linewidths are shown in Fig. 2 at pressures of 1, 10, and 20 atm and tabulated for pressures of 1, 2.5, 5, 10, 15, and 20 atm in Tables I and II . The uncertainty was calculated from the 95% confidence interval of the average fit with an additional systematic experimental uncertainty (∼2%) combined in quadrature. The 95% confidence interval of the average data is comparable to the standard deviation from the three individual datasets. Generally, the S-branch linewidths were measured with 1%-2% uncertainty at 1 atm, which represents an improvement over previous frequency-domain measurements under similar conditions. 14, 16 At the highest pressure of 20 atm, the decay rate constant is as small as 2.5 ps, leading to higher uncertainties for low and high rotational transitions of N 2 and O 2 and odd transitions of N 2 .
The solid lines in Fig. 2 represent self-broadened linewidths for N 2 and O 2 computed using the MEG model Q-branch linewidths derived from frequency-domain measurements with the S-branch approximation. 11, 15 The computed linewidths agree well with the current data for N 2 but deviate at low rotational levels as found in previous timedomain 4, 7 and frequency-domain 18 measurements at 1 atm. This shift is due to re-orientation of the molecular axis after collisions, which does not contribute to Q-branch linewidths from which the MEG model was derived. 12 The O 2 measured linewidths for high rotational numbers are in agreement with the MEG model at 1 atm and with previous S-branch measurements using spontaneous Raman scattering. 16 The linewidths of the low rotational states are influenced by the triplet ground state of the O 2 molecule, which exhibits three transitions (S − , S 0 , and S + ) separated by ∼1.99 cm −1 . 16 Because the triplet is spectrally overlapped by the probe pulse, this separation results in a temporal oscillation of the RCARS signal, as shown in Fig. 3 for N = 1 and 3 at 1 atm. A cosine function is used to fit the oscillation with resulting periods of 16.8 ps and 16.9 ps for N = 1 and 3, respectively. These represent separations of 1.98 cm −1 and 1.97 cm −1 , which are within 1% of theoretical and experimental values. 16 While the intensity of the triplets are of the same order for N = 1, they are negligible for N > 5. 16 At elevated pressure, the CARS signal decays significantly within the first period of the triplet oscillation; thus, the oscillation cannot be resolved, and the measured linewidths may be larger than expected due to interference of the triplet oscillation. For this reason we have not reported linewidth data for N = 1 and 3 in this work.
In summary, hybrid fs/ps RCARS was used to measure the collisional decay rates and individual S-branch transition linewidths of N 2 and O 2 from 1-20 atm. Excellent sensitivity to transition-resolved signal decay was achieved at high pressures where the rate constants are as low as 2.5 ps. Agreement was found with previous N 2 and O 2 S-branch measurements available at low pressure which indicate a small positive offset from the MEG model. This relationship was confirmed at high pressures. The accuracy for low J levels of N 2 at higher pressure was bounded by a combination of nonresonant background, small decay rate constants, and low spectral intensity. In the case of O 2 , oscillations in the time decay due to interference of the triplet ground state limited the accuracy of linewidth measurements for low rotational states.
